Abstract. Drug resistance remains a large obstacle for the treatment of ovarian cancer. miRNAs have been reported to be involved in cisplatin (CDDP) resistance in ovarian cancer. The aim of the present study was to investigate the function and mechanism of miR-199a-3p in the CDDP resistance in ovarian cancer. We found that miR-199a-3p was significantly downregulated in chemoresistant ovarian cancer tissues, as well as CDDP-resistant SKOV3/CDDP cells, compared to chemosensitive carcinomas and SKOV3 cells. Restoration of miR-199a-3p in SKOV3/CDDP cells reduced cell proliferation, G1 phase cell cycle arrest, cell invasion, and increased cell apoptosis, resulting in enhanced CDDP sensitivity, while miR199a-3p inhibition resulted in the opposite effects. Luciferase reporter assay showed that integrin β8 (ITGB8), one of the integrins that is involved in the regulation of cell cycle and motility, was a direct target of miR-199a-3p. Overexpression of miR-199a-3p downregulated ITGB8 expression via binding to its 3'-UTR. In addition, overexpression of ITGB8 restored CDDP resistance inhibited by miR-199a-3p. Moreover, orthotopic ovarian cancer mouse model showed that miR-199a-3p enhanced CDDP sensitivity of ovarian cancer in vivo.
Introduction
Ovarian cancer is the leading cause of death among women (1) . Currently, the main treatment for ovarian cancer is surgical excision followed by combination chemotherapy. Cisplatin (CDDP) is the most effective chemotherapy drug for the treatment of ovarian cancer (2) . However, CDDP chemoresistance remains a large obstacle for the successful treatment of ovarian cancer (3) . Therefore, it is important to explore the molecular basis of CDDP resistance to improve the success rate of chemotherapy.
MicroRNAs (miRNAs) are noncoding, single stranded RNAs that regulate gene expression by binding the 3'-untranslated regions (3'-UTRs) of target mRNAs (4) . Ovarian cancer patients who were resistant to chemotherapy frequently had different miRNA expression patterns compared to those of the sensitive patients (5) . For example, microarray identified that let-7i was the first miRNA associated with CDDP resistance of ovarian cancer (6) . Moreover, miR-595 (7), miR-186 (8) and miR-141 (9) increased the sensitivity of ovarian cancer cells to CDDP by targeting multiple signaling pathways, whereas miR-130a and miR-374a contribute to CDDP resistance in ovarian cancer (10) . However, the role and mechanism of miRNA involved in CDDP resistance in ovarian cancer remains largely unknown.
In the present study, we explored the expression pattern and biological effects of miR-199a-3p in CDDP chemosensitivity in ovarian cancer. We found that miR-199a-3p was significantly downregulated in CDDP-resistant ovarian cancer tissues and cell lines. Overexpression of miR-199a-3p results in enhanced CDDP sensitivity. ITGB8 was a direct target of miR-199a-3p and ectopic expression of ITGB8 alleviated the miR-199a-3p enhances cisplatin sensitivity of ovarian cancer cells by targeting ITGB8
CDDP sensitivity. Importantly, miR-199a-3p also enhanced CDDP sensitivity in ovarian cancer in vivo. Collectively, our findings suggest that miR-199a-3p plays a critical role in regulating CDDP chemosensitivity by targeting ITGB8 in ovarian cancer. Table I . Human ovarian cancer cell line SKOV3 was purchased from Shanghai Institute of Cell Biology (Shanghai, China). Cells were maintained in RPMI-1640 supplemented with 10% FBS at 37˚C in a humidified incubator with 5% CO 2 .
Materials and methods
Ethics approval. All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. All applicable international, national, and/or institutional guidelines for the care and use of animals were followed. All applicable international, national, and/or institutional guidelines for the care and use of animals were followed.
Establishment of CDDP-resistant ovarian cancer cell lines.
The CDDP-resistant ovarian cancer cell lines were induced using progressive concentration of CDDP as previously described (11) . Briefly, SKOV3 cells were first treated with 0.5 µg/ml of CDDP, CDDP was withdrawn 48 h later and cells were cultured without CDDP until they recovered. The same treatment was performed with CDDP, the concentration was gradually increased to 1, 2, 3, 4 and finally to 6 µg/ml. When the induced cells still survived in 6 µg/ml of CDDP, the cells were confirmed to be CDDP-resistant and named SKOV3/CDDP.
Cell transfection. miR-199a-3p mimics, miR-199a-3p inhibitor and negative control (NC) were designed and synthesized by GeneBioPharma (Shanghai, China Cell apoptosis assay. Cell apoptosis was evaluated by flow cytometry using Annexin V-FITC/PI detection kit (KeyGen Biotech Co., Nanjing, China) according to the manufacturer's instructions. Data were acquired on a FACSCalibur flow cytometer (BD Biosciences, San jose, CA, USA) and analyzed using Flowjo software (Tree Star, Inc., Ashland, OR, USA).
Cell cycle analysis. Cell cycle was measured using propidium iodide (PI) staining. Briefly, 24 h post transfection, cells were collected and reseeded in triplicate in a 6-well plate at 1x10 5 cells/well, cells were harvested 24 h later, and washed with PBS, fixed in ice-cold 70% ethanol overnight. Cells were then washed with ice-cold PBS, resuspended in 500 µl of a PI master mix containing 50 µg/ml PI and 100 µg/ml RNAse A (both from Sigma, St. Louis, MO, USA) diluted in PBS and incubated for 30 min in the dark at 37˚C. Cell cycle was measured using BD FACSCalibur flow cytometer (BD Biosciences, San Diego, CA, USA), and analyzed using Flowjo software (Tree Star, Inc.).
Wound healing assay. SKOV3 or SKOV3/CDDP cells were seeded into 6-well plates at 3x10 5 cells/well and cultured until confluent. A P200 pipette tip was used to make a straight scratch, and then incubated for 48 h. The gap width of scratch re-population was recorded under the microscope.
Cell invasion assay. Cell migration assays were performed using 24-well Transwells (8-µm pore size; Millipore Corporation, Billerica, MA, USA) pre-coated with 100 µl of Matrigel (BD Pharmingen, San Jose, CA, USA). Briefly, miRNA transfected or control cells were suspended in 200 µl RPMI-1640 medium then added to the upper chamber. A volume of 600 µl of RPMI-1640 containing 10% FBS was placed in the lower chamber. After incubating for 48 h, the Matrigel and the cells remaining in the upper chamber were removed using cotton swabs. Cells on the lower surface of the membrane were fixed with 4% paraformaldehyde and stained with Giemsa (Sigma-Aldrich, St. Louis, MO, USA). Five microscopic fields (at a magnification of x200) were used to count and photograph the cells.
RNA extraction and real-time quantitative PCR.
Total RNA were extracted from ovarian cancer tissues, transfected SKOV3 cells or xenografts using the RNeasy Mini kit (qiagen, Shanghai, China) following the manufacturer's instructions. The concentration and quality of the RNA was examined by NanoDrop 2000 (Thermo Fisher Scientific). Total RNA of 1 µg was reversely transcribed into cDNA using miScript Ⅱ RT kit (qiagen). cDNA was then used for real-time PCR with miScript SYBR-Green PCR kit (Qiagen). The amplification was performed on an Applied Biosystems 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA), with a first step at 95˚C for 3 min and then 40 cycles with 95˚C for 15 sec, 60˚C for 5 sec, 68˚C for 30 sec with a fluorescent reading at the end of this step. Primers used were as follows: RT primes for miR-199a-3p, 5'-CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG TAA CCA AT-3'; miR-199a-3p forward, 5'-ACA CTC CAG CTG GGA CAG TAG TCT GCA CAT-3' and reverse, 5'-TGG TGT CGT GGA GTC G-3'; U6 forward, 5'-ATT GGA ACG ATA CAG AGA AGA TT-3' and reverse, 5'-GGA ACG CTT CAC GAA TTT G-3'; ITGB8 forward, 5'-CCC GTG ACT TTC GTC TTG GA-3' and reverse, 5'-CCT TTC GGG GTG GAT GCT AA-3'; β-actin forward, 5'-CGT CTT CCC CTC CAT CGT-3' and reverse, 5'-GCC TCG TCG CCC ACA TAG-3'. The relative expression of the gene was quantified using the comparative 2 -ΔΔCt method relative to the appropriate housekeeping gene.
Protein extraction and western blotting. Protein was extracted from transfected cells or xenografts using radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime Biotechnology, Shanghai, China). Protein concentration was assessed using a BCA protein assay kit (KeyGen Biotech Co.). Protein (50 µg) was separated by 10% SDS-PAGE, then transferred onto polyvinylidene fluoride membranes (Millipore Corporation, Bedford, MA, USA). The membrane was washed in 0.1% Tween-20 in Tris-buffered saline solution (TBST), and blocked using 5% non-fat milk. The membrane was incubated with primary antibodies against ITGB8 (#88300) and β-actin (#8457) (both from Cell Signaling Technology, Inc., Danvers, MA, USA) overnight at 4˚C. After washing 3 times, the membrane was incubated with horseradish peroxidaseconjugated secondary antibody for 1 h at room temperature in a dilution of 1:2,000. Protein bands were visualized with ECL™ Western Blotting Detection Reagents (Amersham; GE Healthcare, Chalfont, UK) and captured using Bio-Rad Imaging Systems (Bio-Rad).
Dual-luciferase reporter assay. Two 3'-UTR of ITGB8 containing miR-199a-3p binding sequences was amplified by PCR from genomic DNA. The PCR product was cloned into psiCHECK-reporter vector (Promega, Madison, WI, USA). Mutant construct of the ITGB8 3'-UTR-2, containing a mutated sequence within the miR-199a-3p target site was generated using a site-directed mutagenesis kit (Takara, Tokyo, japan). psiCHECK-ITGB8-control or psiCHECK-ITGB8-3'-UTR-1 or 2, or psiCHECK-ITGB8-3'-UTR-2 Mut (500 ng) and 50 nM miR-199a-3p mimics or negative control were co-transfected into SKOV3/CDDP cells using Lipofectamine LTX. Luciferase signals were measured 48 h after transfection using a Dual-Luciferase Reporter Assay kit (Promega).
Orthotopic mouse ovarian cancer model. Orthotopic mouse ovarian cancer model was generated in nude mice (female, 6-8 weeks old) as previously described (12) . Briefly, mice were anesthetized with pentobarbital, a 1.5 cm dorsal incision was performed in the kidney region, the left ovarian bursa was exposed and injected with 1x10 6 SKOV3/CDDP or SKOV3/CDDP/miR-199a-3p cells in 50 µl PBS (n=5/group). Animals were euthanized at 10 weeks, tumors were harvested and photographed. The number of peritoneal metastasis was recorded. The mouse experiments were approved by the Institutional Animal Care and Use Committee of Xi'an No. 1 Hospital.
Statistical analysis.
Data are shown as means ± SD. Differences between groups were evaluated using the Student's t-test or one-way ANOVA. GraphPad Prism version 6.00 (GraphPad Software, San Diego, CA, USA) was used for all analyses. P<0.05 was considered as statistical significance.
Results

miR-199a-3p is downregulated in cisplatin-resistant ovarian cancer tissues and cell lines.
Total RNA was extracted from chemosensitive (n=34) and chemoresistant (n=24) ovarian cancer tissues. As shown in Fig. 1A , miR-199a-3p was significantly decreased in chemoresistant ovarian cancer tissues compared to chemosensitive carcinomas (2 -ΔΔCt , 0.271±0.037 vs. 1.006±0.124, P<0.01).
We then established the CDDP-resistant SKOV3/CDDP cells by progressive concentration of CDDP induction as described in Materials and methods. The cell proliferation, metastasis and invasion capability of CDDP-resistant ovarian cancer SKOV3/CDDP cell lines were tested. The IC 50 value of CDDP for SKOV3 cells was 0.75 and 2.03 µg/ml for SKOV3/CDDP cells. In agreement with the ovarian cancer tissues, the expression level of miR-199a-3p was significantly downregulated in CDDP resistant SKOV3/CDDP cells compared to SKOV3 cells (2 -ΔΔCt , 0.07±0.01 vs. 1.001±0.042, P<0.01; Fig. 1B) .
miR-199a-3p enhances the sensitivity of ovarian cancer cell lines to cisplatin.
To determine whether miR-199-3p contributed to cisplatin sensitivity of ovarian cancer cells, we transfected the SKOV3/CDDP cells with miR-199-3p mimic, and SKOV3 cells with miR-199-3p inhibitor, respectively. We found that inhibition of miR-199-3p reduced the inhibition rate of CDDP (0.75 µg/ml) in SKOV3 cells, compared to the negative controls, whereas miR-199a-3p mimics improved the toxicity of CDDP (2.03 µg/ml) in SKOV3/CDDP cells ( Fig. 2A and B) . Apoptosis of miR-199a-3p-overexpressing SKOV3/CDDP cells was significantly increased compared with the negative control, while miR-199a-3p inhibition could decrease the apoptosis rate in SKOV3 cells (Fig. 2C and D) . Cell cycle assay indicated that ectopic miR-199a-3p resulted in significantly increased G1 phase but a reduced S phase in SKOV3/CDDP cells compared to the negative controls, while miR-199a-3p inhibition showed the opposite effect ( Fig. 2E and F) . In addition, Transwell assay showed that miR-199a-3p overexpression markedly suppressed the capacity for cell migration in SKOV3/CDDP cells, while miR-199a-3p inhibition promoted cell migration in SKOV3 cells (Fig. 2G and H) . These results indicate that miR-199a-3p enhanced the sensitivity of ovarian cancer cell lines to CDDP.
ITGB8 is a direct target of miR-199a-3p.
The computer-aided algorithms (TargetScan Release 5.2, http://www.targetscan.org; and PicTar, (http://pictar.mdc-berlin.de/cgi-bin/new_PicTar_ vertebrate.cgi) predicted that integrin β8 (ITGB8), one of the integrins involved in the regulation of cell cycle and motility, was a potential target gene of miR-199a-3p (Fig. 3A) . There were two putative binding sites for miR-199a-3p on ITGB8 3'-UTR, one located at position 203-209 (3'-UTR-1), and the other located at position 729-735 of ITGB8 3'-UTR (3'-UTR-2) (Fig. 3A) . Importantly, the ITGB8 level was also upregulated in SKOV3/CDDP cells compared to SKOV3 cells (Fig. 3B) . Luciferase assay showed that the luciferase activities decreased significantly in the ITGB8 3'-UTR-2-transfected cells when co-transfected with miR-199a-3p, while ITGB8 3'-UTR-1 transfected cells had no effect on the luciferase activities (Fig. 3C) . In addition, the inhibition of luciferase activities by miR-199a-3p was abolished when the ITGB8 3'-UTR-2 site was mutated (Fig. 3D) . miR-199a-3p overexpression reduced the ITGB8 mRNA and protein levels in SKOV3/CDDP (Fig. 3E) . These results indicate that ITGB8 is a functional direct target of miR-199a-3p in ovarian cancer cells.
Overexpression of ITGB8 enhances CDDP resistance in miR-199a-3p overexpressed ovarian cancer cells.
To determine the functional involvement of ITGB8 in miR-199a-3p-mediated CDDP resistance, miR-199a-3p-overexpression SKOV3/CDDP cells were transfected with empty vector or ITGB8 plasmid, the transfection efficiency was validated by western blotting (Fig. 4A) . ITGB8 overexpression enhances the CDDP resistance that was inhibited by miR-199a-3p (Fig. 4B) . Cell apoptosis was reduced in SKOV3/CDDP/miR-199a-3p cells with ITGB8 overexpression compared to the cell line transfected with empty vector (Fig. 4C) . In addition, ectopic ITGB8 resulted in significantly decreased G1 phase, but an increased S phase in SKOV3/CDDP/miR-199a-3p cells compared to the vector controls (Fig. 4D) . Transwell assay showed that ITGB8 overexpression markedly suppressed the capacity for cell migration in SKOV3/CDDP/miR-199a-3p cells compared to the vector controls (Fig. 4E) . These results demonstrated that miR-199a-3p regulated cisplatin sensitivity in ovarian cancer cells by via suppression of ITGB8.
miR-199a-3p enhances CDDP sensitivity of ovarian cancer in vivo.
To determine whether the delivery of miR-199a-3p in vivo enhanced the cytotoxicity of CDDP we established an orthotopic ovarian cancer model in nude mice by injecting miR-199a-3p-or miR-NC-overexpression SKOV3/CDDP cells into the ovary of mice. Ten weeks after injection, significantly reduced tumor sizes and lower tumor weight were observed in mice injected with SKOV3/CDDP/miR-199a-3p cells in comparison with those of mice injected with SKOV3/CDDP/miR-NC (Fig. 5A-C) . In addition, the number of peritoneal metastasis was also markedly decreased in mice injected with SKOV3/CDDP/miR-199a-3p cells than that in mice injected with SKOV3/CDDP/miR-NC ( Fig. 5D and E) . In addition, the miR-199a-3p levels was significantly upregulated (Fig. 5F ), while the ITGB8 expression was reduced in SKOV3/CDDP/miR-199a-3p xenografts ( Fig. 5G and H) . Taken together, these results indicate that miR-199a-3p enhances the CDDP sensitivity in ovarian cancer in vivo.
Discussion miR-199a-3p was first identified in 2003 by computer analysis of mouse and Fugu rubripes sequences (13) . Previous studies showed that miR-199a-3p was dysregulated in several types of cancers (14) (15) (16) (17) , including ovarian cancer (18) (19) (20) , and may serve as a tumor suppressor in cancer development (21, 22) . Recent studies have reported the essential role of miR-199a-3p in regulating drug resistance. For example, Li et al, reported that miR-199a-3p enhanced CDDP sensitivity of cholangiocarcinoma cells (23) . Wang et al, demostreated that miR-199a could reverse cisplatin resistance in human ovarian cancer cells through the inhibition of mTOR (19) . miR-199a-3p also regulated doxorubicin sensitivity of human hepatocarcinoma cells (24) . However, the role and mechanism of miR-199a-3p involved in CDDP chemosensitivity in ovarian cancer remains largely unknown.
In the present study, we found significant downregulation of miR-199a-3p in chemoresistant ovarian cancer tissues, as well as CDDP-resistant cell line. Since miR-199a-3p downregulation was strongly related to CDDP resistant breast cancer and cholangiocarcinoma cells (23, 25) , as well as ovarian cancer cells (19) . miR-199a-3p may be involved in CDDP-resistance in ovarian cancer. Functional experiments demonstrated that forced miR-199-3p significantly reduced cell viability, G1 phase cell cycle arrest, cell invasion and promoted apoptosis in cisplatinresistant SKOV3/CDDP cells, compared to negative controls, whereas downregulation of miR-199a-3p showed the opposite effect, indicating that the role of miR-199a-3p in regulating cell growth, apoptosis, as well as metastasis in ovarian cancer may be correlated with the maintenance of CDDP sensitivity. However, the underlying molecular mechanism of miR-199a-3p in cisplatin resistance remains unclear.
We then analyzed the potential targets of miR-199a-3p and found that ITGB8 was significantly downregulated by miR-199a-3p. ITGB8 is a member of the integrin β-chain family and encodes a single-pass type I membrane protein with a VWFA domain and four cysteine-rich repeats (26) . It binds to an α subunit to form a heterodimeric integrin complex (27) . They also play critical roles in signal transduction that was involved in the regulation of cell growth and motility (28) . In addition to cell motility, ITGB8 was recently reported associated with gefitinib resistance in hepatic cancer. Wang et al, showed that ITGB8 silencing decreased cell proliferation and increased gefitinib sensitivity in HepG2/G cells (29) . Wala et al, showed that miR-199a-3p regulated ITGB8 expression in papillary renal cell carcinoma (17) . In the present study, we showed a significantly negative correlation between ITGB8 and miR-199a-3p levels in ovarian cancer cells. In addition, no significant effect was observed in the luciferase activity of ITGB8 mutation between miR-199a-3p overexpressed and miR-199a-3p normally expressed cell lines, overexpression of miR-199a-3p remarkably decreased both mRNA and protein level of ITGB8 in SKOV3/CDDP cells, indicating that ITGB8 was a direct and functional target of miR-199a-3p.
In summary, the present study demonstrates, for the first time, that miR-199a-3p increases ovarian cancer cell sensitivity to CDDP by decreasing ITGB8 expression. The combination of miR-199a-3p with chemotherapy agents may prevent the development of drug resistance in ovarian cancer with CDDPresistance. However, the precise molecular mechanisms of miR-199a-3p, and the opportunities for its clinical use, require further investigation.
